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ABSTRACT: Layer-by-layer (LbL) self-assembly is an attractive
method for the immobilization of macromolecules at interfaces.
Integrating proteins in LbL thin films is however challenging due to
their polyampholyte nature. Recently, we developed a method to
integrate lysozyme into multilayers using protein—polyelectrolytes
complexes (PPCs). In this work, we extended this method to a
wide range of protein—polyelectrolyte combinations. We demon-
strated the robustness and versatility of PPCs as building blocks.
LL-37, insulin, lysozyme, and glucose oxidase were complexed with
alginate, poly(styrenesulfonate), heparin, and poly(allylamine
hydrochloride). The resulting PPCs were then LbL self-assembled
with chitosan, PAH, and heparin. We demonstrated that multi- Chi, PAH or Hep
layers built with PPCs are thicker compared to the LbL self-

assembly of bare protein molecules. This is attributed to the higher mass of protein in the multilayers and/or the more hydrated state
of the assemblies. PPCs enabled the self-assembly of proteins that could otherwise not be LbL assembled with a PE or with another
protein. Furthermore, the results also show that LbL with PPCs enabled the construction of multilayers combining different proteins,
highlighting the formation of multifunctional films. Importantly, we show that the adsorption behavior and thus the multilayer
growth strongly depend on the nature of the protein and polyelectrolyte used. In this work, we elaborated a rationale to help and
guide the use of PPCs for protein LbL assembly. It will therefore be beneficial to the many scientific communities willing to modify
interfaces with hard-to-immobilize proteins and peptides.
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Bl INTRODUCTION

The immobilization of active biomacromolecules is topical in

biosensing,"”” heterogeneous biocatalysis,”* drug delivery,™*
. . . 978 . .

and tissue engineering.”” In this respect, a myriad of methods

were developed to functionalize material surfaces with proteins

a monolayer. Spontaneous adsorption and covalent grafting
thus present major drawbacks when it comes to the
immobilization of large amounts of bioactive proteins.
Therefore, developing a versatile immobilization method
without loss of protein activity is topical.

and peptides.” However, protein immobilization is far from
straightforward because for most applications, proteins should
retain their bioactivity. Hence, their immobilization should
protect them from denaturation and degradation.

The simplest approach to immobilize proteins is to use their
tendency to spontaneously adsorb on surfaces.'’ However, in
addition to affecting the protein functionality through
conformation'"'* and orientation changes,m’14 spontaneous
protein adsorption can be reversible and the amount is often
limited to a monolayer.”~"7 To limit protein desorption,
chemical grafting has been used routinely. This method is not
straightforward to implement since the surface must bear
functional groups reacting with the protein. Moreover,
chemical grafting might result in a loss of bioactivity caused
by protein denaturation or reaction with the functional
groups.'”'®"” Finally, the adsorbed amount is also limited to
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In 1992, Decher et al. demonstrated that polyelectrolyte
multilayers (PEMs) can be constructed via a so-called layer-by-
layer (LbL) self-assembly, i.e., by alternating the deposition of
oppositely charged polyelectrolyte (PE) layers.””*' At each PE
adsorption step, the surface charge is overcompensated, which
allows the adsorption of the next layer of material. This results
in the formation of a multilayer whose thickness can be
precisely controlled by the number of adsorption steps.””
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Though the latter mechanism is believed to drive PEM growth,
other forces such as hydrophobic interactions and hydrogen
bonding also participate in the assembly.”*** One of the major
advantages of LbL assembly is that it is achievable under soft
conditions, i.e., in aqueous solutions at room temperature, and
it is versatile toward surface geometry and chemistry.”*
Therefore, the LbL assembly method has considerable
potential for developing biofunctionalized materials with a
great variety of architectures.”’

Since Decher et al’s first report, the LbL method has been
extended to a wide range of deposited materials** such as clay
minerals,**?” viruses,”® dendrimers,”>° gold colloids,*" silica
particles,”® and proteins.”*~*° Interestingly, this versatile
method enables the assembly of multicomponent protein
films, which open a way to construct multifunctional systems.*®
This is topical for various fields of research such as
biomaterials, drug release, tissue engineering, and regenerative
medicine. Importantly, proteins, peptides, and enzymes
embedded in PEMs can also find applications in continuous
flow chemistry and biocatalysis, as illustrated by the use of
localized enzyme-assisted self-assembly (LEASA).””~*" While
the surface protein immobilization is crucial, their alternate
adsorption with a PE in LbL fashion is not straightforward.
Indeed, while PEs have a homogeneous charge distribution
and are flexible macromolecules, proteins are polyampholytes
with various degrees of charge anisotropy and a low
conformational entropy. Hence, depending on the protein,
PE, pH, and ionic strength (I) used for assembly, the
multilayer may fail to grow."’ The lack of charge over-
compensation by the protein layer, i.e,, the repulsion between
the PE that is further adsorbed and the protein patches of the
same charge, is believed to be the major cause of this failure.*
The ineffective LbL assembly of the highly positively charged
lysozyme (Lyz) with poly(methacrylic acid) at pH 8.4 was, for
example, reported.*’ In this context, finding ways to circum-
vent the current limitations of protein LbL assembly with PEs
is paramount.34

In 1996, Ariga et al. established that the LbL assembly of
nonflexible molecules, such as proteins and organic dyes, is
enhanced when they are premixed with linear polyions.** In
2001, Jin et al. found that the LbL formation of catalase
microcrystals coated with poly(styrenesulfonate) (PSS) and
assembled with poly(allylamine hydrochloride) (PAH) re-
sulted in films with a better preserved enzymatic activity and a
mass that was 1 order of magnitude higher than the ones
obtained with uncoated catalase crystals.”” However, this
method requires protein crystals which limits its wide use.
With a view to further facilitate the use of the LbL method for
protein immobilization, protein—polyelectrolyte complexes
(PPCs)***” were recently introduced by our group as building
blocks for the LbL assembly.*®*” It was demonstrated that the
PE corona of the PPCs standardizes the charge of the protein.
The result is an LbL growth that is independent of the protein
surface charge. This was shown for Lyz complexation with PSS
and its subsequent LbL assembly with PAH.*> Compared to
the classical LbL assembly of bare Lyz, the PPCs-based self-
assembly was shown to immobilize protein that has 75% more
enzymatic activity.48’49

However, while PPCs have shown great potential to
facilitate protein LbL assembly and maintain a high level of
bioactivity, only one protein has been used to date, and the
suggested versatility of PPCs remains theoretical. The
objective of this work is to investigate whether PPCs can be
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used to immobilize a wide range of proteins and peptides, in
combination with various PEs, using the LbL method. LL-37,
insulin (Ins), Lyz, and glucose oxidase (Gox) were chosen
because they are involved in different biomedical and
biotechnological applications. These proteins were first
complexed with an oppositely charged PE, ie., alginate
(Alg), PSS, heparin (Hep), and PAH. The resulting PPCs
were then assembled with a second PE, i.e., chitosan (Chi),
PAH, and Hep to form [PE-PPCs] multilayers. LL-37 is a
human antimicrobial peptide of 37 amino acids, of 4.5 kDa,
with an isoelectric point (IEP) of 11. It stimulates wound
healing and angiogenesis and fights infections.”’”" Ins is a
peptide hormone of 5.8 kDa, with an IEP of 5.6, that regulates
glycemia and that is used as a treatment for Type I diabetes.
Lyz is an antimicrobial globular enzyme of 14.3 kDa, with an
IEP of 11.1. It acts against some Gram-positive bacteria,
through hydrolyzation of glycosidic bonds of peptidogly-
cans.””** Gox is an enzyme of 66 kDa, with an IEP of 5.2, that
catalyzes the oxidation of glucose. It is commonly used for the
detection of blood glucose concentration.”* The use of natural
PEs is attractive for biomedical applications because they are
usually biocompatible, biodegradable, and/or nontoxic. Alg is a
polysaccharide naturally present in brown seaweed cell walls,
with residues featuring a pK,, of 3.38 and 3.65.> It has become
one of the most imqurtant biomaterials for regenerative
medicine applications.”®” It is a weak polyacid due to its
carboxyl groups. Hep is a glycosaminoglycan, used as an
antithrombotic drug, which has the highest negative charge
density of any known biological polyanion due to the presence
of one carboxyl and three sulfonate groups per dimer.”® Chi is
a polysaccharide derived from chitin. This weak polycation,
with an intrinsic pK, varyin)g from 6.46 to 7.32, depending on
the degree of acetylation,” can be used for its antibacterial
activity.”” More generally, the use of biodegradable PEs can
also be advantageous to promote the release of proteins from
the multilayers and achieve controlled delivery of active
ingredients.61 In addition to natural PEs, synthetic PEs, i.e.,
PSS, and PAH are also used to study the formation of PPCs
and further LbL assembly. [PAH-PSS] multilayers are indeed
one of the most documented PEMs.”” PSS is a strong
polyanion, due to its sulfonate groups, whereas PAH is a weak
polycation with a pK, estimated to be between 8 and 9.

PPCs were first fabricated, and their formation was evaluated
by measuring the optical density of the solution. Then, the
PPCs were LbL assembled with PEs and the multilayer growth
was evaluated using quartz crystal microbalance with
dissipation monitoring (QCM-D). The resulting multilayered
films were compared to the ones obtained by the alternate
assembly of bare proteins with PEs, i.e, the classical LbL
method.

B EXPERIMENTAL SECTION

Materials. LL-37 (Proteogenix, Schiltigheim, France), human Ins
(Sigma-Aldrich, Steinheim, Germany), Lyz (Sigma-Aldrich, Stein-
heim, Germany), and Gox from Aspergillus niger (Sigma-Aldrich,
Steinheim, Germany) were the selected proteins. Sodium Alg, My
<75,000 g mol™!, (Pronova UP VLVM, NovaMatrix, Norway), low
molar mass PSS, My, = 7540 g mol™', (Scientific Polymer, Ontario),
and Hep sodium, 5000 LE. mL~, (B. Braun, Melsungen, Germany),
were used as polyanions. Chi, My, = 10—50 kDa and deacetylation
degree (DD) of 95% (Heppe Medical Chitosan Gmbh, Halle,
Germany), and PAH, My, = 17,500 g mol™' (Sigma-Aldrich,
Steinheim, Germany), were used as polycations. Chi is not soluble
in ultrapure water. Therefore, Chi solution was obtained by first
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dissolving 50 mg of Chi in approximately 25 mL of ultrapure water
and 60 uL of HCI 3.7% at 60 °C for 1 h. Then, pH was adjusted with
NaOH 10 M and the volume was brought to exactly 100 mL. Finally,
the Chi solution was filtered with a 5 and 0.2 um filters to remove
small impurities. Ultrapure water was always used (Elga Purelab
Chorus 1, 18.2 MQ cm, Veolia, United Kingdom). The ionic strength
was kept as low as possible, with only the ions necessary for pH
adjustment brought in the solutions. It was equal to 1.8 and 0.25 mM
at pH 3.5 and §, respectively, with the pH value measured with a pH-
indicator strip (MQuant, Merck, Darmstadt, Germany).

Formation of PPCs. Since electrostatic interactions drive PPCs
formation, the PE-to-protein molar ratio in the complexes is usually
expressed as the PE-to-protein charge ratio. The charge ratio was
calculated as the ratio of PE net charge to the protein net structural
charge at a given pH. The PE charge was calculated by the
Henderson—Hasselbalch equation (the ionization degree, as a
function of pH, was taken into account). For Alg, a pK, of 3.5 was
considered for the carboxylate groups.”> The pK, of PAH is
approximately 8.5 due to the amine groups.’” Finally, for Hep and
PSS, the sulfonate groups were considered as fully negatively char(ged.
The protein charge was determined using the PDB2PQR server.”” It
was computed as a function of pH, based on their amino acid
sequence and on their structure (PDB files of, respectively, 2K60 for
LL-37, 3140 for Ins, IHEL for Lyz, and 1GAL for Gox). PPCs were
prepared from solutions at I & 0 mM obtained by adding NaOH or
HCI to ultrapure water until the desired pH was reached. Proteins
were used below their IEP and associated with a polyanion, or
conversely, they were used above their IEP and complexed with a
polycation. PPCs at a (—)/(+net) charge ratio of 2 were prepared by
mixing 2 volumes of a negatively charged PE solution (0.5 mM
negative charge) with S volumes of a protein solution (0.1 mM net
positive charge) and PPCs at a (+)/(—net) charge ratio of 2 were
prepared by mixing 2 volumes of a positively charged PE solution (0.5
mM positive charge) with S volumes of a protein solution (0.1 mM
net negative charge). Therefore, the protein and PE concentrations, in
the PPCs with a charge ratio of 2, are, respectively, 0.07 and 0.14 mM
positive or negative net charge. For optical density measurements, the
negative or positive PE solution was always added to the protein
solution in such a way that (—)/(+net) or (+)/(—net) charge ratio
varied between 0 and 2, eg, 0.4 mL of negative or positive PE
solution was added to 1 mL of protein solution to reach a (—)/(+net)
or (+)/(—net) charge ratio of 2.

Optical Density Measurement. Buchhammer et al. have shown
that the optical density can be related to the concentration, size, and
polydispersity of the PPCs.’* Importantly, our group has also
demonstrated that the optical density measurement can be used to
estimate the charge ratio at which the protein charge is over-
compensated by the added PE. This informs on the charge ratio (or
molar ratio) necessary to obtain PPCs that can be LbL assembled. In
the following, optical density measurements were thus used to
monitor PPCs formation as a PE is added to the protein solution.®®
The optical density at 4 = 450 nm (A,s) of the suspension was
measured at pH 3.5, 5, or 7.5, depending on the PPCs system, using a
UV—vis spectrophotometer (DU800, Beckman Coulter, USA). The
Ayso values were normalized by the dilution factor according to the
Beer—Lambert law. Measurements were all performed at 25 °C and
were made in triplicate.

Multilayer Construction. Multilayers were constructed by
successive adsorption steps. For all experiments, two bilayers of a
positively or negatively charged PE (Chi, PAH, or Hep) alternately
adsorbed with a negatively or positively charged PE (Alg, Hep, high
molar mass PSSy, My, = 70,000 g mol™', Sigma-Aldrich, Steinheim,
Germany or PAH) were constructed from PE solutions (0.5 g L™).
Then, two different multilayers were built on this anchoring layer:
bare proteins or PPCs, assembled with oppositely charged PEs. Each
of these multilayers is formed of five successive bilayers. The following
solutions were used: Chi or PAH (0.5 g L™"), Hep, Alg or PSS; (0.5 g
L") and LL-37, Ins, Lyz or Gox bare molecules (0.07 mM positive or
negative net charge), as well as PPCs suspensions prepared as
described in the Formation of PPCs section. Depending on the
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experimental conditions, the pH of solutions was adjusted to 3.5, 5, or
7.5 with NaOH or HCL

Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). The successive adsorption steps described in the
Multilayer Construction section were monitored using QCM-D.
4.95 MHz AT-cut gold-coated quartz sensors (Q-sense, Stockholm,
Sweden). The sensors were washed in H,0,/H,SO, 1:3 (w:v),
successively rinsed with water and ethanol, and finally exposed to UV-
Ozone (UVO Cleaner 42-220, Jelight Company, Irvine, USA). Then,
they were mounted in fluid cells (Q-sense E4 system, Q-Sense,
Stockholm, Sweden). The solution flow rate and the temperature
were, respectively, set at 20 yL min~" and 20 °C. Each adsorption step
was followed by a rinsing step of 10 min with ultrapure water adjusted
to the same pH. The frequency and dissipation shifts were recorded
for the third to eleventh overtones, and the results for the seventh are
presented here. The total mass adsorbed on QCM-D crystals (ug
cm™?) was computed using the Sauerbrey equation: Am = —Af, C
77", where Am is the shift of adsorbed mass (ng cm™), Af, is the
frequency shift measured for the seventh overtone (Hz), C is the mass
sensitivity constant (ng cm™> Hz™'), and 7 is the overtone number.

B RESULTS AND DISCUSSION

Formation of PPCs. PEs are water-soluble polymers
containing ionizable groups that provide them with a positive
or negative charge, depending on pH. Thanks to their charged
nature, these polymers can interact with proteins to form
soluble or insoluble complexes. Protein and PE concentration,
ionization degree, charge distribution, hydrophobicity, ioniz-
able group nature, and molecular weight all influence PPCs
formation.’>” The first part of this work aims at investigating
the complexation of LL-37, Ins, Lyz, and Gox with Alg, PPS,,
Hep, and PAH in ultrapure water adjusted to a given pH (3.5,
S, or 7.5). In particular, we aim at determining the PE-to-
protein charge ratio that will allow the subsequent successful
LbL assembly of the PPCs with PEs.

At pH 3.5 and §, all proteins used have a positive net charge.
When the pH increases to pH 7.5, Ins and Gox switch to a
negative net charge while LL-37 and Lyz are still positively
charged (Figure S1). Therefore, all proteins were complexed
with a polyanion at pH 3.5 and S5 while Ins and Gox were
complexed with a polycation at pH 7.5. Figure 1 shows an
example of PPCs formation, here by mixing Lyz with Hep. The
conditions used for PPCs formation are summarized in Table
1.

Heparin

Lysozyme

(e(0]¢] CH,-0-80,

R & ) )
: O O o
L+

OH O-SO, OH NH-SO__|,

Figure 1. Schematic representation of Lyz-Hep complex formation.
Hep is negative and represented by red lines. Lyz is a polyampholyte
with the surface potential resulting from positive and negative
residues, respectively, colored in blue and red (at pH 3.5). The
molecular structure and the surface gotential coloring were produced
using the UCSF Chimera package.’®

https://doi.org/10.1021/acs.langmuir.2c00191
Langmuir 2022, 38, 5579—-5589


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00191/suppl_file/la2c00191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00191/suppl_file/la2c00191_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00191?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00191?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00191?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00191?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

Table 1. Solution pH as a Function of the Protein and the
PE Used to Form PPCs

LL-37 Ins Lyz Gox
Alg pHS pH 3.5 pH S pH 3.5
PSS, pH S pH 3.5 pHS pH 3.5
Hep pH 3.5 pH 3.5 pH 3.5 pH 3.5
PAH X pH 7.5 X pH 7S

Ayso as a function of PE-to-protein charge ratio is presented
in Figures 2a and S2—SS. In all cases, the optical density
increases as the PE is added to the protein solution until it
reaches a plateau.65 This optical density plateau, i.e., the charge
ratio threshold value beyond which the optical density does
not increase, allows the PE-to-protein charge ratio e to be
determined. This ratio can be related to the minimal amount of
PE needed to fully displace the equilibrium toward PPCs
formation (Figure 2a). This suggests that, beyond this value, all
proteins are in PPCs with a core-corona structure with a
neutral internal domain and a PE-charged corona.”” In a view
to further alternate the adsorption of PPCs with an oppositely
charged PE, knowing this e value is essential. Indeed, once the
e value is reached, the overall PPCs charge is dictated by the
excess of charge brought by the PE (either positive or
negative).70 The measured e values for LL-37, Ins, Lyz, and
Gox complexed with Hep at pH 3.5, Ins and Gox complexed
with Alg and PSS; at pH 3.5, and finally LL-37 and Lyz
complexed with Alg and PSS, at pH S are summarized in
Figure 2b.

For all pairs, the e value is found between 0.5 and 1.75.
Interestingly, PPCs made with Alg, PSS, and Hep have,
respectively lower, intermediate, and higher e values. The e
value thus scales with the PE charge density. Indeed, for high-
charge-density PE such as Hep, all ionizable groups of the PE
are unlikely to match and pair with those of the protein.
Consequently, an excess of negative charges is needed to fully
compensate the protein charge. Though the latter scaling is
consistent through all protein—PE pairs, the nature of the

protein has the most influence on the e absolute value. At a
given pH, from low to high, the e value order is the following:
Gox, LL-37, Lyz, Ins. There is thus no relationship between the
e value and protein size (see Figure S6 for the size
comparison). Using the Chimera software, the protein charge
density and distribution at pH 3.5 were computed and are
represented in Figure S6. For LL-37, Ins, Lyz, and Gox, the net
charges at pH 3.5 are, respectively, equal to +10.4, +3.6, +13.4,
and +37.4, and at pH §, they are, respectively, equal to +7.02,
+0.7, +10.5, and +2.9. The charges are homogeneously
distributed on the Ins, Lyz, and Gox molecules, whereas LL-
37 has a large positive domain.

The complexation of a protein with a net negative charge
and a positively charged PE was then studied. At pH 7.5, Ins
and Gox have negative net charges of, respectively, —2.1 and
—23.1. They were complexed with PAH. The optical density
was measured as a function of the effective (+)/(—net) charge
ratio. Results are shown in Figure S7. For both Ins and Gox,
complexed with PAH, the e value equals 2. As for positively
charged proteins, these results show that negatively charged
proteins can be complexed with PE.

These results show that all proteins could be complexed with
a PE by carefully computing their charge at a given pH and
selecting the appropriate PE. Moreover, we found that, while
protein size does not influence charge overcompensation, the
latter scales with the PE charge density and the nature of the
protein. PPCs charge overcompensation is critical to stand-
ardize the protein charge and facilitate its self-assembly in an
LbL fashion.*” These results will thus be used to identify the
appropriate molar ratio to form PPCs to construct a multilayer
by alternate adsorption of the latter with a second PE.

Protein—Polyelectrolyte Layer-by-Layer Assembly. In
the following, PPCs formed with various proteins and PEs at a
(=)/(+net) or (+)/(—net) charge ratio of 2 were LbL
assembled with oppositely charged PEs. The LbL assembly of
bare protein with PE, i.e., the classical LbL assembly, was
carried out for comparison. The same PE as the one used
above to complex the protein was alternately adsorbed with the
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Figure 2. (a) Normalized A,s, values of a Lyz solution undergoing Alg addition in such a way that (—)/(+net) charge ratio varies between 0 and 2
at pH S in ultrapure water (I = 0 mM). ¢ represents the charge ratio at which all proteins charges are complexed. (b) (—)/(+net) PE-to-protein
charge ratio at which the plateau is reached as an Alg, Hep, or PSS, solution is added to an LL-37, Ins, Lyz, or Gox solution in ultrapure water. LL-
37 and Lyz were complexed at pH 5 with Alg and PSS, solutions, and the others were complexed at pH 3.5. The error bars represent the standard
error (n = 3), and the asterisks indicate a statistically significant difference of the PE-to-protein charge ratio ¢ (p < 0.05).
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Figure 3. Schematic of the two different methods used to immobilize Lyz. The red and green lines represent, respectively, Hep and Chi. The
different colors on Lyz suggest its heterogeneous charge distribution. First, a cushion of two Chi-Hep bilayers was adsorbed on the surface. Then,
(a) PPCsyy, 4y, were adsorbed using Chi as the positive counter polyion and (b) bare Lyz was adsorbed, using Hep as the negative counter polyion,
in a classical LbL assembly.

(a)

(b)

30 . 30
| [Chi-Hep], A % PPCSconrien | [PAH-Hep], A @’ PPCSgox-Hep
N o
s | & J
; 20 A i@ Gox ; 20 A @ Gox
X 1 N ]
3 Ny PPC,
3 10 pic‘ g 10
S \ S
0

10

Steps

Steps

Figure 4. (a) Adsorbed mass measured by QCM-D after the adsorption of a bilayer of Chi-Hep ([Chi-Hep],) (shaded area) followed by five
bilayers of Chi and either Gox-based PPCs (plain triangle) [Chi-PPCsgy.1ep]5 Or bare Gox proteins (empty triangle) [Gox-Hep]s, at pH 3.5 in
ultrapure water. (b) Adsorbed mass measured by QCM-D after the adsorption of a bilayer of PAH-Hep ([PAH-Hep],) (shaded area) followed by
five bilayers of PAH and either Gox-based PPCs (plain triangle) [PAH- -PPCsGoxtep)s OF bare Gox proteins (empty triangle) [Gox-Hep]s, at pH 3.5

in ultrapure water.

bare protein molecule to form a multilayer. Figure 3 shows a
schematic of films made with Lyz complexed with Hep or bare
Lyz molecules assembled with, respectively, Chi and Hep. In
all cases, two bilayers of PEs were constructed to screen the
effect of the surface.*” This cushion is made of the PE used to
integrate the PPCs in the multilayer and the PE used to
complex the protein of interest. Then, five bilayers of PPCs or
bare proteins and PEs were constructed. The multilayer growth
was monitored using QCM-D, and the results are expressed in
adsorbed mass as a function of each adsorption step for each
protein—PE combination (Figures S8—S13—see Experimental
Section for details on the mass measurement). The adsorbed
mass is calculated at the end of each adsorption step, when the
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steady state is reached. Figures S14—S26 demonstrate that this
equilibrium is reached at the end of each deposition step and
of each rinsing step. Figures S14—S26 represent the evolution
of the frequency and dissipation as a function of time. They
support the validity of the use of the Sauerbrey equation to
compute mass deposition from frequency shifts.

A typical result is shown in Figure 4 for Gox complexed with
Hep (PPCSGOX—Hep) and assembled with Chi ([Chi-
PPCsgoytep]) or PAH ([PAH-PPCsgeypyep)), and for Gox
bare molecules assembled with Hep ([Gox-Hep]). In this case,
the classical LbL assembly [Gox-Hep] on either a [Chi-Hep]
or a [PAH-Hep] bilayer cushion led to an increase of mass of,
respectively, 6 ug cm™> (Figure 4a) and 5 ug cm™> (Figure 4b)
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after deposition of five bilayers on the cushion. When
PPCsGoynep are assembled with Chi or PAH, the mass
increased by, respectively, 17 and 25 pg cm™ after five
bilayers (Figure 4). This result confirms that PPCs with a
(—=)/(+net) charge ratio of 2 can be used to build multilayers.
It also suggests that these PPCs are negatively charged since
they can self-assemble with a polycation. Interestingly, a
sawtooth adsorption profile is observed for the [PAH-
PPCsGOX_HeP] multilayer. At each PPCsgoy.p1ep adsorption step,
the total mass increases, while at each PAH adsorption step,
the total mass decreases. These results suggest that material is
removed from the multilayer upon PAH adsorption. From
these results, we find that (1) the multilayer mass after five
layers of protein deposition and (2) the magnitude of the
desorption upon PE adsorption can inform the growth of a
selected system. These data will thus be extracted from QCM-
D results and discussed hereunder for all of the multilayers that
were fabricated.

For each of the 32 different self-assembled films that were
built, the multilayer masses after five PPCs or bare proteins
adsorption steps were extracted and are presented as heat map
in Figure S27. To better capture the mass difference, i.e., the
improved protein adsorption when PPCs are used, the mass
increase compared to classical LbL assembly was computed for
each protein—PE combination. Results are presented in Figure
S and show the mass increase in percent for each of the 16
protein—PE couples tested. From these results, it appears that
except for Ins and one condition with Lyz ([Chi-PPCsy, js,]),
all multilayers grow to higher masses when using PPCs rather
than bare protein molecules. These results confirm that PPCs
can be used to immobilize a wide variety of proteins and PEs in
multilayers. Interestingly, the total adsorbed mass scales with
the molecular weight of proteins for both types of self-
assemblies and most of the protein—PE combinations. Since all
PEs used are identical and adsorption is carried out in identical
pH and I conditions, this suggests that the mass difference is
due to the presence of protein in the multilayer or a difference
in the multilayer architecture, e.g, more water in the film.
Therefore, the mass difference could be interpreted as an
increased protein adsorption or a more hydrated multilayer
when PPCs are used compared to bare protein molecules. Both
are of great interest since it has been shown that the blologlcal
activity increases with the increase in protein concentration”"
and a higher hydrated film can improve the biological activity
of proteins. Importantly, our previous works showed that
PPCs;, pay immobilize Lyz that have 75% more enzymatic
activity than bare Lyz molecules."**’

For the multilayers integrating [Chi-PPCsy; 3;.4,,] and [LL-
37-Hep], the ratio between the dissipation shift AD and the
frequency shift Af obtained for the seventh overtone (AD,/
(—Af,/7)) were calculated. These QCM-D measurements are
presented in Figure 6a. Ratios calculated at the beginning,
when the cushion is adsorbed, are inconstant because
dissipation and frequency shifts are both very low and close
to zero (data not shown). Ratios obtained during the
adsorption of PPCs and bare proteins are below the value of
AD,/(—Af,/7) =4 X 1077 Hz™!, proposed by Reviakine et al.
as the threshold between rigid and soft films.”” Figure 6b
represents, for the 16 studied systems, the AD,/(—Af,/7)
difference between the PPCs and the bare protein multilayers
after the third adsorption step of PPCs. For all of the systems,
ratios are greater when PPCs are integrated into the
multilayers than bare proteins. This suggests that multilayers
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Figure S. Heat map representing the mass increase when PPCs are
used compared to bare proteins. Results with PPCs are expressed in
percent of the total mass adsorbed after adsorption of a two bilayers
cushion and five adsorption steps of PEs and bare proteins.

with PPCs are more hydrated than the multilayers with bare
proteins.

The second parameter that was extracted from the
multilayer growth is the magnitude of desorption upon PE
adsorption. This value was expressed as a percent of the
multilayer mass and represented as heat map for each LbL
assembly in Figure 7. Interestingly, these results show that
desorption is almost systematically observed upon PAH
adsorption on a layer of PPCs. On the contrary, Chi
adsorption never causes desorption. Desorption is thus
observed when a PE with a high charge density is adsorbed
on a PPCs layer. On the other hand, no decrease in mass is
observed when a PE with a low charge density such as Chi is
used (less ionizable groups per unit of length, deacetylation
degree of 95%, and lower pK,). When it comes to the
difference between proteins, the adsorption of PAH on a PPCs
layer that contains Lyz or Gox leads to a stronger desorption
than when it is adsorbed on a PPCs layer that contains LL-37.
The desorption is thus less pronounced with a protein that has
a high charge density, such as LL-37 (Figures S8—S13). We
have recently demonstrated that PPCs-based multilayers are
highly dynamic self-assemblies. In particular, we have shown
that when a PE is adsorbed on a PPCs layer, it can complex the
PE of the PPCs, which releases the protein and causes a
decrease of the multilayer mass.”> Similar phenomena have
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Figure 6. (a) Typical ratios between AD, and Af, obtained under the adsorption steps using the QCM-D. (b) Heat map representing the AD,/
(—Af,/7) ratio increase when PPCs are used compared to bare proteins. Results with PPCs are expressed in percent of the AD,/(—Af,/7) ratio of

bare protein assembly, after the third adsorption step of the PPCs.

been reported in PEMs, especially for systems containing small
molecules, where typical stepwise curves in a sawtooth profile
(adsorption—desorption steps) were observed.”* In a previous
study, we suggested that this mechanism is a function of the
PE—-PE ion-pairing strength compared to the protein—PE
pairing strength.”” This hypothesis is in line with the difference
in desorption observed for PAH compared to Chi, and for LL-
37 compared to Ins and Gox. Indeed, PAH has a strong ion
pairing with Alg, PSS}, and Hep; hence, it can displace proteins
from PPCs. Since LL-37 has a higher charge density than Ins
and Gox, its pairing with Alg, PSS, and Hep is stronger. The
result is that PAH adsorption displaces less LL-37 from the
PPCs than Ins and Gox. Our results thus confirm that the
desorption from the multilayer is the result of a trade-off
between PE—PE and protein—PE pairing strengths.

The stability of multilayers to environmental conditions was
also investigated. To do so, QCM-D and XPS measurements
were performed, by submitting [Chi-Hep],-[Chi-
PPCs;; 37.11ep)s samples to a Mueller Hinton Broth (MHB),
NaCl (pH 9 and I = 150 mM), or sodium dodecyl sulfate
(SDS) solution. QCM-D analyses enable to account for
potential desorption of the films due to contact of the
multilayers with the solutions and the XPS analyses inform
whether the surface chemical composition of the films is
modified or not after such contact. Contact of [Chi-Hep],-
|:Chi-PPCsLL,37_HeP]6 multilayer with NaCl and SDS solutions
leads to a mass loss attributed to partial desorption of the film
(data not shown). It could suggest a film deconstruction due to
a change in pH and L”> 7® The XPS analysis of Ti 2p peaks
indicates that a partial but not complete film desorption has
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occurred (Figure $28). No mass increase or decrease was
observed after the immersion of the film in the MHB solution,
suggesting a higher stability of the multilayer in this medium.
By analyzing N 1s and C 1s XPS peaks (Figure S28), it seems
that the effect of sample treatment with a solution of MHB and
NaCl on the surface elemental composition is relatively
limited. Indeed, there is almost no difference in comparison
with the untreated [Chi-PPCsyy 3715, sample. However, the
addition of SDS modified the multilayer composition,
indicating desorption of the film and suggesting adsorption
of SDS molecules on the surface of the sample. Rahim et al.
also observed desorption of [PAH-PSS] PEMs upon the
addition of SDS, which was proven to be chemically adsorbed
into the multilayers.77 Therefore, the stability of LbL films is
found to be highly dependent on the medium and the PEs.
To further study the LbL assembly of PPCs, multilayers
were built using positively charged PPCs. To do so,
PPCsyy pay and PPCsg,, payy Were integrated into multilayers
with Hep at pH 7.5. The total masses after five bare proteins or
PPCs adsorption steps were extracted and are presented in
Figure S29. From these results, it appears that the multilayers
does not grow when PPCs are used even though the PPCs are
well formed (Figure S7). On the contrary, a multilayer
constructed with bare Ins and Gox, respectively, reaches
masses of 0.7 and 1.8 ug cm™ This difference can be
explained by the use of PAH and Hep as PEs. As shown before,
the PE—PE ion-pairing strength dictates the multilayer growth.
For this system, Hep has the highest charge density that exists
among natural PEs.’® Thus, it seems that Hep is able to
displace Gox and Ins from the PPCs. However, we do not
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Figure 7. Heat map representing the desorption (blue) and the
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adsorption step. Results are expressed in percent of the total mass
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explain this by the lack of charge of PAH, which is not fully
ionized at pH 7.5 since we constructed multilayers of
PPCsy, pss integrated with PAH at pH 7.5.%% Studies,

more focused on the interactions between these species, should
be conducted to understand the nonconstruction of multilayers
when proteins are complexed with PAH.

We have thus shown that the difference between films
integrating PPCs and those integrating bare proteins is
noteworthy. The use of PPCs leads to an increase, by up to
4 times, of the protein mass and/or the hydration in the
multilayer. Importantly, the PEs need to be carefully selected
to avoid their pairing and subsequent protein release from the
film. Once this is accounted for, PPCs can be used as a more
generalizable tool for protein surface immobilization.

PPCs Layer-by-Layer Assembly to Combine Different
Proteins. To date, the studied systems included only one type
of protein. The immobilization of several proteins at interfaces
to create multifunctional multilayers is topical for various fields
of research as drug release, tissue engineering, and regenerative
medicine approaches.”® The purpose of studying the assembly
of PPCs based on different types of proteins is twofold. First,
the possibility of incorporating several proteins, independently
of each other, will be analyzed. Second, the parameters
governing this integration will be compared to the ones of bare
proteins. To do so, the assembly of mixed layers based on
PPCsy1 37.a15 and PPCsyy 37.psg), as well as on PPCsy, n, and
PPCsy,, psss was monitored. The PPCs, which are negatively
charged, were integrated with PAH at pH 5. The total masses
after five PPCs or bare proteins adsorption steps (three with
LL-37 and two with Lyz) were extracted from QCM-D data
and are presented in Figure 8. Regarding the classical LbL
assemblies that integrate LL-37 and Lyz, with either Alg or
PSS;, no building of the layers was observed. For Alg-based
PPCs and PSS-based PPCs assembled with PAH, the mass
increased by, respectively, 2 and 1.4 ug cm™? after five bilayers.
These results suggest that the multilayers grow to higher
masses when using PPCs rather than bare protein molecules.
As was the case for multilayers with a single type of proteins,
dissipation values (data not shown) indicate that PPCs-based
films are more hydrated. Similarly, a desorption step was
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Figure 8. (a) Adsorbed mass measured by QCM-D after the adsorption of a bilayer of PAH-Alg ([PAH-Alg],) (shaded area) followed by either
five bilayers of PAH (plain triangle), three of PPCs;; ;. -Alg (plain square) and two of PPCSLyz -Alg (plain circle), or five bilayers of Alg (empty
triangle), three of bare LL-37 (empty square) and two of bare Lyz (empty circle), at pH S in ultrapure water. (b) Adsorbed mass measured by
QCM-D after the adsorption of a bilayer of PAH-PSS;, ([PAH-PSS;],) (shaded area) followed by either five bilayers of PAH (plain triangle), three
of PPCsy;_37.psg (plain square) and two of PPCsyy, pssi (plain circle), or five bilayers of PSS; (empty triangle), three of bare LL-37 (empty square)

and two of bare Lyz (empty circle), at pH S in ultrapure water.
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systematically observed upon PAH adsorption on PPCs layers.
Interestingly, the nature of the selected molecules guides again
dictates the film growth. Indeed, for the Alg-based PPCs, a
greater mass is adsorbed with PPCsy, than with PPCsy; 3, and
the magnitude of desorption upon PAH adsorption is larger
with PPCs;, than with PPCs;;; which stabilizes very
quickly. This result is in line with that observed when a single
type of protein was self-assembled into multilayers (Figures
S10 and S11). The trend is also maintained for both the PSS
based PPCs types (Figures S12 and S13). These results
highlight that it is possible to integrate several types of proteins
by PPCs self-assemblies within the same multilayer. However,
the PE and the protein in the PPCs as well as the counter PE
largely influence the multilayer formation. Depending on the
species involved in the multilayers, the adsorption profile is
quite different.

B CONCLUSIONS

In this paper, we demonstrated that PPCs are versatile building
blocks for the LbL assembly of proteins. PPCs were obtained
by complexation of LL-37, Ins, Lyz, and Gox with Alg, PSS,
Hep, and PAH. We showed that the PE-to-protein charge ratio
¢, i.e, the minimal amount of PE needed to fully displace the
equilibrium toward PPCs formation, is reached at a charge
ratio below 2 for all of them. PPCs with a PE-to-protein charge
ratio of 2 were then assembled into multilayers using Chi,
PAH, and Hep. Compared to the use of bare protein
molecules, using PPCs generally allows a better multilayer
growth, ranging from two to four times higher mass. We show
that this difference in mass is due to a higher hydration level of
multilayers integrating PPCs and/or a higher mass of proteins.
Finally, we evidenced that the nature of the protein and PE of
the PPCs, and the nature of the counter PE used to build the
films play a key role in the ability to self-assemble. Indeed,
protein—PE and PE—PE pairing strengths are critical in that
respect.

Such self-assembled PPCs are thus promising as versatile
building blocks since it is possible to fine-tune the nature of the
multilayer and therefore potentially its functionality. PPCs are
of major importance for the development of bioactive
interphases since they provide a higher protein and/or
hydration level than the use of bare proteins.
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